The noise goal of the Silent Aircraft Initiative, a collaborative effort between industry, academia and government agencies led by Cambridge University and MIT, demands an airframe design with noise as a prime design variable. This poses a number of design challenges and the necessary design philosophy inherently cuts across multiple disciplines involving aerodynamics, structures, acoustics, mission analysis and operations, and dynamics and control. This paper discusses a novel design methodology synthesizing first principles analysis and high-fidelity simulations, and presents the conceptual design of an aircraft with a calculated noise level of 62 dBA at the airport perimeter. This is near the background noise in a well populated area, making the aircraft imperceptible to the human ear on takeoff and landing. The all-lifting airframe of the conceptual aircraft design also has the potential for a reduced fuel burn of 124 passenger-miles per gallon, a 25% improvement compared to existing commercial aircraft. A key enabling technology in this conceptual design is the aerodynamic shaping of the airframe centerbody which is the main focus of this paper. Design requirements and challenges are identified and the resulting aerodynamic design is discussed in depth. The paper concludes with suggestions for continued research on enabling technologies for quiet commercial aircraft.
I. Introduction
HE heretofore unasked technical question what an aircraft would look like that had noise as one of the primary design variables calls for a "clean-sheet" approach and a design philosophy aimed at a step change in noise reduction. While the aircraft noise during take-off is dominated by the turbulent mixing noise of the high-speed jet, it is the airframe that creates most of the noise during approach and landing. To reduce the aircraft noise below the background noise level of a well populated area, it is clear that the airframe and the propulsion system must be highly integrated 1 and that the airframe design must consider aircraft operations for slow and steep climb-outs and approaches to the airfield. 2, 3 Furthermore, the undercarriage must be simple and faired, and high-lift and drag must be generated quietly. A candidate configuration with the above characteristics is the Silent Aircraft eXperimental design SAX-40, as shown in Figure 1 . The conceptual aircraft design uses a blended-wing-body type airframe 4, 5 with an embedded, boundary layer ingesting, distributed propulsion system, discussed in depth in a companion paper. 6 The details of the engine design can be found in Hall and Crichton 7, 8 and de la Rosa Blanca et al. 9 The engine inlets are mounted above the airframe to provide shielding of forward radiating engine noise 10 while the embedding of the propulsion system in the centerbody enables the use of extensive acoustic liners. 11 As depicted in Figure 1 , the airframe design incorporates a number of technologies necessary to achieve the step change in noise reduction. The all-lifting, smooth airframe was designed for advanced low speed capability to reduce noise and efficient cruise performance to improve fuel burn. The details of the aerodynamic design are the focus of this paper and are discussed at length. A simple and faired undercarriage in combination with reduced approach velocities mitigates the noise generated by unsteady flow structures around the landing gear and struts as discussed in Quayle et al. 12, 13 To achieve the low approach velocities, deployable drooped leading edges are used in combination with the advanced airframe design. The necessary drag for a quiet approach profile is generated via increased levels of induced drag through an inefficient lift distribution over the all-lifting airframe during approach. This is achieved via a combination of upward deflected elevons and vectored thrust. Although not used on the conceptual aircraft design presented here, other quiet drag concepts were investigated which are potentially applicable for conventional aircraft configurations. For example the acoustic signature of perforated drag plates is reported in Sakaliyski et al. 14 and a novel, quiet engine airbrake concept based on steady swirling flow to generate pressure drag is discussed in Shah et al. 15 The airframe trailing edges are acoustically treated by deploying brushes to reduce the airfoil self-noise. This concept is similar to the quiet flight of the owl where the feathers are used to reduce the flow noise of the wings as reported by Lilley. 6 A noise reduction of about 4 dB was experimentally demonstrated by Herr and Dobrzynski 17 using trailing edge brushes on a scale model aircraft wing.
The present paper focuses on the detailed airframe design for a step change in noise reduction and improved fuel burn. More specifically, the objectives are to (1) introduce a newly developed quasi-three dimensional aerodynamic airframe design methodology based on the above ideas and concepts, (2) validate the methodology using threedimensional Navier-Stokes simulations of a candidate airframe design, and (3) define and optimize a conceptual aircraft design for low noise and improved fuel efficiency by combining the methodology with noise assessment tools. The resulting conceptual aircraft design, SAX-40, yields a calculated noise level at the airport perimeter of 63 dBA and has the potential for a fuel burn of 124 passenger-miles per gallon, a 25% improvement compared to existing commercial aircraft. Given the high risk of the technologies used, SAX-40 meets the objectives of a "silent" and fuel efficient conceptual aircraft design.
The paper is organized as follows. The design requirements and challenges for a "silent" and fuel efficient aircraft are discussed first. Next, the key features of the aerodynamic airframe design are outlined, elucidating how a step change in noise reduction and enhanced aerodynamic performance are achieved. The evolution of the airframe design along with the characteristics of three generations of designs is briefly summarized. The airframe design methodology and framework used in the last generation of designs is then described in detail. Next, the established aerodynamic design framework is validated using a three-dimensional Navier-Stokes calculation of a candidate airframe design. The framework is then used to optimize for low noise and improved fuel efficiency, and the resulting design, SAX-40, is discussed in detail. Last, the findings and conclusions are summarized and an outlook on future work is given.
II. Key Challenges and Enabling Concepts
A key airframe design requirement necessary to achieve the approach noise goal is the capability of the aircraft to fly a slow approach profile. The sound pressure levels of the airframe noise sources scale with 1/r 2 and u n where r is the distance between source and observer, and u is the approach velocity. The exponent n is 5 or 6 depending on whether the noise stems from scattering of turbulent structures near edges or acoustic dipoles. The scaling law thus suggests that the noise at the observer location can be reduced by using a slow approach profile and by landing further into the runway 3, 18 to keep the aircraft at higher altitude when crossing the airport perimeter. This requires a low stall speed of the airframe and correspondingly increased amounts of drag. The low approach speed determines the landing field length, which combined with the runway length, sets the threshold displacement. Although the conceptual design is strongly governed by noise considerations, fuel economy and emission levels must be competitive with next generation aircraft. This requirement raises the question whether trade-offs between noise and fuel burn need to be made and, if so, what the potential penalty for noise reduction is. The paper demonstrates that, by taking advantage of the all-lifting configuration and by aerodynamically shaping the airframe centerbody, both a reduction in noise and an improvement in fuel burn can be achieved.
A. Major Challenges
The above requirements introduce major design challenges. The first challenge is to achieve competitive cruise performance while maintaining effective low speed aerodynamic characteristics. For a given aircraft weight, either the area or the lift coefficient need to be increased during landing to reduce the approach velocity. This demands variable wing geometry such as for example conventional flaps and slats which are inherently noisy and must thus be avoided. Circulation control 16, 18 is one possible option to achieve enhanced high lift capability without a variable wing geometry but the impacts of weight and complexity of the flow control system on overall performance and cruise efficiency need yet to be assessed in detail. The idea adopted here is to avoid this complexity and to incorporate passive circulation control in the aerodynamic design of the all-lifting airframe by optimally shaping its centerbody.
In order to achieve the noise goal, the lifting surfaces must be smooth and the undercarriage needs to be simple and faired. This inherently reduces the drag on approach which poses another challenge in the design of a low noise aircraft. The drag required for a slow approach profile must be generated in quiet ways. The concept used here is to increase the induced drag by setting up an inefficient but relatively quiet lift distribution over the airframe during approach.
Another major challenge lies in trimming and rotating a tailless airframe such as the all-lifting configuration considered here. Pitch trim and static stability can be achieved without a tail but require reflexed airfoils on the centerbody. 4 The major drawbacks thereof are a penalty in cruise performance and relatively large control surfaces and actuation power to facilitate rotation. As discussed next, aerodynamically shaping the leading edge region of the centerbody enables pitch trim and static stability without the use of reflexed airfoils or canards.
B. Key Airframe Design Feature
It is important to note that the holistic approach and the integrated system design of SAX-40 are crucial to achieve the noise goal and to improve fuel burn. In this, the all-lifting airframe incorporates a key design feature that distinguishes the conceptual aircraft design presented here from other blended-wing body type concepts. As depicted in Figure 1 , the leading edge region of the centerbody is aerodynamically shaped and the all-lifting airframe is optimized to generate a lift distribution that (i) balances aerodynamic moments for pitch trim and provides a 5 to 10% static stability margin while avoiding a horizontal tail lifting surface and reflexed airfoils, (ii) achieves an elliptical span load on cruise yielding a 15% improvement in ML/D compared to current blended-wing body aircraft designs, and (iii) increases the induced drag on approach via elevon deflection and vectored thrust, reducing the stall speed by 28% compared to currently operating airframes.
The in-depth analysis of this advanced airframe design and the underlying aerodynamic characteristics are the subject of this paper and are discussed next.
III. Airframe Design Evolution
The SAX-40 aircraft design is the culmination of an iterative design process which, in retrospect, evolved from three major aircraft design generations. In each generation the assessment tools were further developed to improve fidelity and the redesigns were aimed at closing the gap between the estimated aircraft performance and the design goals. In conclusion of each of these major design steps, technical reviews were held with the Boeing Company and Rolls Royce plc. This section highlights the major characteristics and outcomes of the design evolution.
A. First Generation SAX Design
The first generation of SAX designs utilized a modified version of Boeing's Multi-disciplinary Design Optimization code WingMOD 4, 19 where the objective function for the optimizer was focused on minimizing takeoff weight. This design process culminated in the SAX-12 planform, 5 As shown in Figure 2 on the left, the configuration incorporates four boundary layer diverting Granta-252 engines. 7, 8 The cruise altitude, Mach number, range, and passenger capacity were held constant for SAX-12 and subsequent designs. The aircraft design was calculated to have an MTOW of 340,150 lb, a fuel burn of 88 passenger-miles per gallon (based on a passenger weight of 220 lbs), and maximum noise levels at the airport perimeter of 80 and 83 dBA during takeoff and approach, respectively. 5 Considerable challenges remained before the noise goal could be achieved; chief among them was the lack of a methodology to optimize the airframe shape for low noise. Thus a clear need was the capability to define the three-dimensional geometry of the airframe and a novel airfoil stack. The SAX-12 planform shape, airfoil thickness distribution, minimum cabin size, rear spar location, and mission were carried over as starting points in the next generation of aircraft design. In addition, WingMOD was used to create the structure weight response-surface-model that was used throughout the design process.
B. Second Generation SAX Design
The focus of the second generation of SAX designs was the development and validation of a quasi-3D airframe design methodology with inverse design capabilities. A first version of this methodology was previously reported by the authors 20 and improvements will be discussed in Section IV. For the second generation of designs, this methodology was used to achieve a significant reduction in noise by reducing the stall speed. This resulted in aerodynamic shaping of the centerbody leading edge with supercritical profiles designed for the outer-wing sections. The design process started with SAX-15 and culminated in the SAX-29 planform, shown in Figure 2 in the center. This design incorporated a boundary layer ingesting, distributed propulsion system based on three engine clusters. Each engine cluster consisted of a single gas generator driving three fans. To assess the methodology and the effectiveness of the centerbody aerodynamics, a three-dimensional Navier Stokes calculation was carried out for the SAX-29 airframe at Boeing Phantom Works. The details of the analysis are presented in Section V. The quasi-3D design methodology was successfully validated such that the airfoil profiles and detailed centerbody shape of the SAX-29 design were used in subsequent airframe designs.
C. Third Generation SAX Design
The third and last generation of designs focused on further refinement of the aerodynamics and the weight models by taking full advantage of the optimization capability of the design methodology. A gradient based optimization of the outer wing shape was used to minimize a cost function combining approach noise and fuel burn as metrics. The outcome of the optimization culminated in the SAX-40 planform, shown in Figure 2 on the right and discussed at length in Section VI. Similar to the second generation SAX-29 design, SAX-40 incorporates three Granta-3401 boundary layer ingesting engine clusters. The distributed propulsion system consists of three gas generators and nine fans. Engine and transmission system design details can be found in de la Rosa Blanco et al. 8 and the integration of the propulsion system into the airframe is discussed in Plas et al. 6 The SAX-40 aircraft design was calculated to have an MTOW of 332,560 lb, a fuel burn of 124 passenger-miles per gallon (based on a passenger weight of 240 lbs), and maximum noise at the airport perimeter of 63 dBA. 
D. Design Comparison
As the SAX design evolved, significant gains in ML/D were achieved and the approach velocity was reduced while increasing the planform area as tabulated in Figure 3 . Most of the improvement in ML/D can be attributed to the aerodynamic shaping and cambering of the centerbody leading edge which enabled a nearly elliptical lift distribution. In addition, as shown in Figure  3 , the optimization process increased the planform area, slightly unswept the wings and grew the span, yielding a reduction in stall speed. The full optimization of the three-dimensional airframe geometry demonstrates that a configuration with both lowered noise emission and improved fuel burn can be achieved. This was not clear prior to the optimization as it was hypothesized that cruise performance penalties would have to be incurred for reduced approach noise.
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IV. Technical Approach -Quasi-3D Design Methodology
The unconventional airframe configuration yields a highly three-dimensional aerodynamic design problem which requires a three-dimensional analysis to capture the centerbody aerodynamics. The involved computations are too costly to fully explore the design space with viscous three-dimensional calculations so a framework with a faster turnaround time but yet adequate fidelity was developed. Building on previous work by the authors, a quasi-3D design methodology was refined combining a two-dimensional vortex lattice method with sectional viscous airfoil analyses and empirical drag estimates of the three-dimensional centerbody, enabling rapid design iterations and optimization. At every major design change during this iterative process a fully three-dimensional flow assessment was conducted. A three-dimensional vortex panel method and Euler calculation of the entire airframe were carried out to assess the loading of the airfoils and shock strength obtained from the quasi-3D design methodology. To validate the overall framework and procedures, a three-dimensional Navier Stokes calculation was conducted and the results demonstrated good agreement with the established quasi-3D design methodology. An outline of the design methodology is given in this section and the details of the validation are discussed in Section V.
The quasi-3D design methodology, schematically shown in Figure 4 , can be broken into three main parts, (i) airframe creation, (ii) cruise performance analysis, and (iii) low-speed performance analysis. The three-dimensional airframe shape is created from an airfoil profile stack and planform shape. This planform must enclose the spar box and is assessed over five mission points: takeoff rotation, takeoff climb-out, begin cruise, end cruise, and approach. The methodology iteratively estimates the aerodynamic performance using the procedure outlined previously by the authors. The design framework estimates stall and landing speed, landing field length, and elevon deflection / thrust vectoring requirements for pitch trim during approach and landing. During take-off, the elevon deflection / thrust vectoring requirements are assessed for rotation, and the aerodynamic performance is estimated during climb-out. This analysis guided the propulsion system design as described in more detail in Crichton et al. 2 and also provided an estimate for the airframe noise during take-off and approach.
The aerodynamic design framework discussed in the present paper differs from the previous version in a number of ways. The wing twist was defined over three segments with non-zero twist at the aircraft centerline, and the wave drag of the outer wings was estimated using MSES, a compressible, two-dimensional airfoil analysis tool. The trimmed stall speed of the aircraft was estimated by combining a two-dimensional vortex lattice approach (AVL) and a viscous airfoil analysis (XFoil). In this approach the aircraft angle of attack and elevator deflection for trim were iterated until the maximum airfoil sectional lift coefficient was reached.
To improve the assessment of aircraft weight, the following modifications to the weight models were implemented. The operating empty weight of the aircraft was estimated using an empirical model for the fixed equipment and landing gear weights, a WingMOD based response surface model was used to compute the structures weight, 21 and the propulsion system weight was quantified using the model described in de la Rosa Blanco et al. 8 The structures weight model assumed a 10% improvement in composite material weight by 2025. The fuel weight was determined iteratively based on OEW and design payload using the calculated cruise ML/D and an assumed fuel burn of 2% of MTOW during climb. The center of gravity of the aircraft was estimated using the center of gravity of the systems, payload, fuel, propulsion system, and structure. Assuming a uniform density of the airframe materials, the center of gravity of the structure was determined based on the airframe center of volume. The landing gear was placed on the airframe such that rotation is assured and a tail-strike avoided. The detailed design of the undercarriage can be found in Quayle et al. 12 The aircraft dynamics during rotation, take-off and climb-out were assessed using aerodynamic performance parameters obtained from AVL and XFoil. In addition, the aircraft dynamic response to gusts and go-around maneuvers was analyzed. A detailed discussion and results can be found in companion papers. 3, 22 For the third generation of aircraft designs, constrained nonlinear optimization using sequential quadratic programming (SQP) was carried out to optimize the outer wing shape. The objective function was a linear combination of fuel burn and approach noise. The variables defining the outer wing shape included the leading edge sweep, wing chord at spanwise section 5 (spanwise location of 42.0 ft / 12.8 m), wing chord near the wing tip, and the outer wing span. Constraints were placed on the maximum angle of attack at the beginning of cruise (less than 3°), maximum leading edge loading (ΔCp less than 1.0), minimum static margin at begin cruise (greater than 25 inches), minimum distance between elevator and wing spar (greater than 0.3 ft / 0.1 m), and maximum takeoff weight (less than 346,000 lb) to limit propulsion system growth. The optimization routine used multiple wing shapes as initial condition. In addition, the weightings of fuel burn and approach noise in the objective function were varied to yield a Pareto front of fuel burn versus approach noise from which the SAX-40 design was chosen.
V. Design Methodology Validation
The validation of the design methodology consisted of a comparison between a three-dimensional Navier Stokes solution and the results obtained from the quasi-3D design methodology involving an Euler solution, a vortex panel solution, and a vortex lattice solution. The primary objective was to assess the fidelity of the design methodology in capturing the three-dimensionality of the viscous flow over the centerbody. A three-dimensional Navier Stokes CFD analysis of the SAX-29 planform using the CFL3DV6 code was conducted at Boeing Phantom Works. The assessment showed that the quasi-3D design methodology is capable of capturing the major aerodynamic features and over predicts ML/D by 13% relative to the CFL3DV6 solution. The validation demonstrates that the quasi-3D design methodology is adequate for optimization purposes where a rapid turnaround time is required. At the end of the optimization process, a fully viscous three-dimensional calculation is suggested to evaluate the final design.
CFL3D
23 is a Navier-Stokes CFD code developed at NASA Langley Research Center for solving 2-D or 3-D flows on structured grids. The solution relied on the Spalart-Allmaras turbulence model and incorporated nearly 4 million grid cells. The analysis was conducted without winglets and computations were conducted for flight Mach numbers ranging from 0.5 to 0.85 at angles of attack between 2.5 and 5.5°.
The aerodynamic loading characteristics of the SAX-29 airframe design are outlined in Figure 5 for a cruise Mach number of 0.8. The loading contours from the two-dimensional vortex lattice code are qualitatively similar to the three-dimensional Navier Stokes solution. Both solutions capture the centerbody loading due to the aerodynamic shaping of the leading edge region, the centerbody-wing junction loading, and the aft loading on the supercritical outer wing sections. The solutions differ in the weak shock that forms on the outer wings. This is because the twodimensional vortex lattice solution cannot capture shock waves and compressibility effects are modeled with a Prandtl-Glauert correction. In the CFL3DV6 computation the outer wing shock is augmented by the presence of boundary layers which are not captured by the Euler or vortex panel solutions. To capture the outer wing shock in the quasi-3D design methodology, two-dimensional viscous, compressible airfoil calculations (MSES) are carried out on swept airfoil sections. An example is shown in subplot VI where the MSES solution is marked in grey. In the developed methodology, the outer wing loading is estimated by the two-dimensional vortex lattice code and used to set the loading in the sectional viscous airfoil analysis (MSES). This approach breaks down for the highly three- Based on this assessment, inviscid threedimensional vortex panel solutions were generated for all subsequent designs to evaluate the aerodynamic loading.
The CFL3DV6 results for SAX-29 are shown in Figure 6 and yield an ML/D of 16.7 at the begin cruise lift coefficient of 0.197. The maximum ML/D of 17.3 occurs at a lift coefficient of 0.254. At the begin cruise lift coefficient, the quasi-3D design methodology over predicts the CFL3DV6 estimate by 13%, which corresponds to a drag difference of 0.0011. The discrepancy is due to the simplifications made in the developed methodology. To estimate the viscous drag on the centerbody, the quasi-3D design methodology relies on empirical drag estimates for bodies of revolution at high Reynolds number reported by Hoerner. 24 Furthermore the CFL3DV6 calculations indicate that the SAX-29 airframe has the potential to achieve a maximum ML/D of 17.3 by operating at a higher cruise Mach number of 0.83 (not shown in Figure 6 ).
In summary the developed quasi-3D design methodology adequately captures the three-dimensional aerodynamic features and performance for optimization purposes. Based on the above assessment, the centerbody planform shape and airfoil profiles of the SAX-29 design were frozen in further design optimizations. Although mid and outer wing airfoil profiles could have been redesigned to eliminate the weak shock on the outer wing, the profiles were deemed acceptable in the light of the relatively short project timeframe and the potentially small performance gains to be made.
VI. SAX-40 Aircraft Design
The SAX-40 conceptual aircraft design, shown in Figure 1 , was created based on the SAX-29 centerbody and airfoils while the outer wing planform and twist were optimized for low approach noise and high fuel efficiency at cruise. This section presents the aircraft design with emphasis on the design strategies and their implications.
A. Overall Performance
The geometry and performance of SAX-40 are given in Tables 1 and 2 . The airfoil stack, planform shape, and distributions of twist and thickness are presented in Figure 7 . Unshaded areas within the top-down view of planform have airfoil profiles that are interpolated from neighboring sections. Using the quasi-3D design methodology, the ML/D is calculated to be 20.1 at beginning of cruise. Due to time constraints a fully viscous three-dimensional CFD analysis of SAX-40 could not be conducted. If the ML/D is over predicted by 13% as discussed above for SAX-29, the ML/D at being cruise would reduce to 17.5. In comparison, an ML/D of 18 is reported for the BWB design by Liebeck, 4 15.5 for the Boeing 777, 25 and 13.4 for the BWB by Qin et al. 26 As illustrated by the planform comparison in Figure 3 , the optimizer redistributed the wing area by removing chord from the mid wing region at a spanwise location of about 40 ft and by increasing the overall wing span. This led to a 6% increase in ML/D between SAX-29 and SAX-40. The elliptical lift distribution resulting from this area redistribution and outer wing optimization is shown in Figure 8 . 
B. Weight and Balance
The aircraft weight buildup, presented in Table 3 , includes a design payload for 215 passengers at 240 lbs per passenger, 20 lbs per passenger heavier than mandated by FAA AC120-27E. 27 At 220 lbs/passenger the aircraft could carry 236 passengers which has ramifications in terms of estimated fuel burn. More details are given later in this section.
One of the challenges inherent in scaling the SAX and other all-lifting body airframe designs to shorter range or smaller payload is the high empty weight fraction, OEW over MTOW. In the Breguet range equation the empty weight fraction, along with ML/D and specific fuel consumption, determine the aircraft fuel burn. The SAX-40 weight fraction of 0.62 is higher in comparison to conventional aircraft configurations. For example the Boeing 767-300 introduced in 1982, an aircraft with a similar mission to the SAX-40, has a weight fraction of 0.52.
25
C. Internal Layout
The internal configuration of the aircraft design is presented from three views in Figure 8 . The interior of the SAX-40 cabin was not designed in detail but the outer cabin shape was used as a constraint in the planform and airfoil design optimization. More specifically, the outer skin was required to enclose the passenger cabin and the spar box. The original cabin dimensions were set by WingMOD which then grew as the planform area increased by incorporating the aerodynamic shaping of the centerbody leading edge. The SAX-40 cabin has 2,570 ft 2 (239 m 2 ) of floor area. With 215 passengers, the cabin passenger density is 0.9 passengers/m 2 . In comparison, the Boeing 767-300 and 767-400 have passenger densities of 1.4 passengers/m 2 in a dual class configuration. 28 The SAX-40 cabin could thus carry 335 passengers at this density. The cabin was defined as a box with a height of 6.6 ft, but as shown in the side view of Figure 8 , there is much space between the cabin top and aircraft skin such that the cabin height could be increased up to 9.7 ft. The faired, dual fourwheel main gear bogeys are stowed behind the cargo bay while the simple dual wheel nose gear retracts forward into the fuselage. The embedded propulsion system is shown to scale in the figures and the engine fan faces are marked to indicate the inlet duct length.
D. Pitch Trim and Static Stability
The outer wing profile configuration and loading distribution obtained from the two-dimensional vortex lattice solution for approach and cruise conditions are shown in Figure 9 . For reference, the centerbody profile is shown to scale and the dot indicates the aircraft center of gravity. The supercritical airfoils on the outer wing are twisted 3.5° outwash such that at beginning of cruise the outer wing loading is concentrated aft of the aircraft center of gravity. This loading is naturally balanced by the lift generated in the forward region of the centerbody. As fuel is burned from begin to end of cruise, the thrust angle is increased for pitch trim. A maximum thrust vectoring angle of 10.5° is reached at the end of cruise. Thrust vectoring is preferred over deflecting elevators in order to keep the cabin angle below 3°. 29 Elevator deflections for pitch trim unload the outer wings such that the aircraft angle of attack has to increase to maintain steady flight.
At begin cruise a positive 5.9% static margin is estimated using the two-dimensional vortex lattice solution. This corresponds to a distance between center of gravity and center of pressure of 31 inches which exceeds the expected 25 inch travel of the passenger and cargo center of gravity. 30 As fuel is burned during cruise, the center of gravity moves forward and the static margin increases to 9.5% equivalent to 50 inches. In comparison, the BWB reported in Liebeck 4 has a positive static margin of 5% while trimmed at cruise.
The SAX-40 suction and pressure surface Cp distributions from the vortex panel solution are plotted in Figure  10 . The loading due to the aerodynamic shaping of the centerbody leading edge is evident in the increased pressure coefficient in the forward region. The centerbody airfoil design has minimal aft camber in order to avoid an untrimmable nose-down moment. This also results in an enhanced external pre-compression of the flow upstream of the engine inlets mitigating the aerodynamic challenge of integrating the propulsion system into the airframe. A detailed discussion of the engine integration and inlet design can be found in Plas et al. 6 
ΔCp ΔCp
Outer Wing Landing Configuration Outer Wing Cruise Configuration Figure 9 . Two-dimensional vortex lattice estimate of airframe loading distribution during cruise and approach / landing.
E. Low Speed Capability
The change in planform depicted in Figure 3 resulted in a decrease in stall speed from 118 knots (63.8 m/s) for SAX-12 to 96.0 knots (49.4 m/s) for SAX-40. The stall speeds were estimated at the nominal landing weight which includes the design payload and the reserve fuel. For comparison, aircraft of similar weight to SAX-40 have typical stall speeds of 114 to 130 knots which corresponds to approach speeds of 140 to 160 knots. 3 According to FAR25.125, 31 the approach speed must exceed 1.23 times the stall speed. The stall speed can be reduced by decreasing the sweep angle, Λ, but this also incurs a cruise wave drag penalty. The tradeoffs are examined via infinite swept wing theory, in which the flow in the airfoil plane normal to the spanwise axis sees a reduced Mach number, M, and a reduced dynamic pressure, q:
The resulting perpendicular 2-D airfoil coefficients c l,max and c d,pressure then give the 3-D aircraft coefficients as follows:
These quantify the effect of the sweep angle Λ on C L,max and hence the stall speed, and also on the wave drag which is a part of C D,pressure . In the optimization, a compromise between cruise performance and stall speed is reached at a mid-chord sweep of 19°.
During approach and in low speed flight, the SAX-40 aircraft is trimmed by combining thrust vectoring and elevon deflections. Downward vectored idle thrust at 30° and simultaneously upward deflected elevons at 18.5° unload the outer wing trailing edge region and require a large angle of attack to generate the necessary lift. A drooped leading edge is implemented to achieve an angle of attack of 15.6°. A detailed assessment of the high-lift system can be found in Andreou et al. 32 The experimental study demonstrates that the noise radiated from drooped leading edges is comparable to the levels of airfoil self-noise. The consequence of the high angle of attack configuration is a non-elliptic lift distribution generating sufficient induced drag to trim the aircraft on a 3.9° flight path angle. To demonstrate glide slope capture at a 6° flight path angle necessary for certification, split elevons act as drag rudders in non-silent operation.
The SAX-40 airframe was designed for low stall speed to reduce the airframe noise on approach. This inherently leads to enhanced low speed performance during take-off. At take-off thrust vectoring is used for pitch trim since elevon deflections decrease the aircraft L/D and deteriorate the climb-out performance. 2 To rotate the aircraft at take-off the elevons are deflected in combination with vectored thrust.
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F. Fuel Efficiency
The SAX-40 aircraft design has the potential for large reductions in fuel burn. A fuel burn of 124 passengermiles per gallon is calculated and compared to airline operational data as compiled by Lee et al. 25 in Table 4 . All of the existing aircraft data is for 220 lbs/passenger whereas the SAX-40 fuel burn calculation assumed 215 passengers at 240 lbs/passenger. A further improvement in fuel economy could be achieved if 236 passengers are assumed at the standard weight of 220 lbs/passenger. The SAX-40 fuel burn estimate is based on a specific fuel consumption of 0.49 lb/lb*hr, which includes the effect of boundary layer ingestion. A detailed discussion of propulsion system performance for this highly integrated configuration can be found in de la Rosa Blanca et al. 9 and Plas et al. 6 .
G. Aircraft Noise
The aircraft approach velocity for SAX-40 is calculated to be 28% lower than the typical approach velocity for similar sized aircraft. This improvement in low speed flight capability contributes significantly to the overall reduction in noise: the calculated noise level at the airport perimeter of 63 dBA is near the background noise of a well-populated area. As shown in Figure 12 and discussed at length in two companion papers focused on the assessment of take-off noise 2 and approach noise, 3 a reduction in cumulative noise (sideline, take-off and approach) of 75 cumulative EPNdB is estimated relative to the ICAO Chapter 4 requirement of 284.5 cumulative EPNdB. The effective perceived noise levels (EPNdB) were computed according to the FAA procedures documented in Part 36. 34 Tone corrections were neglected since tonal noise could not be computed for the airframe noise sources.
VII. Conclusion and Outlook
A quasi-3D design methodology was developed for the conceptual design of an aircraft with step changes in noise reduction and fuel efficiency.
The design methodology was validated using a fully viscous, threedimensional CFD calculation and was subsequently used in an Fuel Economy, Passenger-Miles per Gallon aircraft design optimization framework. The key feature of the resulting aircraft design, SAX-40, is the aerodynamically shaped leading edge of the airframe centerbody. The all-lifting airframe is optimized to generate a lift distribution that balances aerodynamic moments for pitch trim and static stability, achieves an elliptical span load on cruise, and increases the induced drag on approach reducing the stall speed.
The conceptual aircraft design yields a cruise ML/D of 20.1 and a potential fuel burn of 124 pax-miles per gallon. The trimmed approach speed is calculated to be 28% lower than existing commercial aircraft, enabling a step change in airframe noise reduction. The estimated maximum noise level at the airport perimeter is 62 dBA, which corresponds to a computed 75 cumulative EPNdB reduction relative to the ICAO Chapter 4 requirements. The economic analysis of a silent aircraft are presented in a companion paper. 36 Some of the technologies introduced yield a number of technical challenges and are of considerable risk. These must be overcome before this design concept can become a reality. For example the pressure vessel and structural integrity of the unconventional all-lifting body pose challenges in fabrication and manufacturing. The low-speed aerodynamics of the airframe need to be assessed using three-dimensional viscous flow computations and the stowage and implementation of a faired undercarriage need to be further analyzed. A major challenge is the integration of the distributed propulsion system in the airframe. Inlet distortion noise and forced vibration issues due to non-uniform inlet flow must be resolved and the mechanical challenges of the geared fan transmission system and the variable area thrust vectoring exhaust nozzles must be overcome.
In summary, the SAX-40 conceptual aircraft design meets the objectives of a "silent" and fuel efficient aircraft, given the high risk of the technologies used.
